Tertiary protons with birth energies from 27 to 30.8 MeV result from the implosion of ignition-scale inertial confinement fusion targets, such as those planned for the National Ignition Facility (NIF). Measurement of the tertiaries' slowing can provide a determination of the imploded areal density of the fuel capsule, as well as information about implosion asymmetry that results from anisotropy of the areal density and plasma temperature. To determine the utility of tertiaries for all phases of ignition experiments, we analyze three representative cases: a gas capsule (0.7 kJ yield); a cryogenic fuel capsule that fails to ignite (15 kJ); and a cryogenic fuel capsule that ignites and burns (13,000 kJ). In each case, tertiaries escape from the capsule and convey critical information about implosion dynamics. Tertiaries might also prove useful for current laser facilities such as the newly completed OMEGA. France. The goal is to generate at least 10 times more energy from fusion than the laser energy (51.8 MegaJoule) used to drive the capsule implosions. In such experiments, densities and areal densities will be immense (~ 10 g/cm 3 and -1 g/cm 2 ). Precisely because of such extremes (see Fig. 1-3) , new diagnostic methods will be required to measure critical parameters such as capsule implosion symmetry'," and areal density 9 -2 .
In both the US" and France 5 widespread attention has focused on new initiatives in inertial fusion, the National Ignition Facility in the US and the MegaJoule Laser Facility in
France. The goal is to generate at least 10 times more energy from fusion than the laser energy (51.8 MegaJoule) used to drive the capsule implosions. In such experiments, densities and areal densities will be immense (~ 10 g/cm 3 and -1 g/cm 2 ). Precisely because of such extremes (see Fig. 1-3) , new diagnostic methods will be required to measure critical parameters such as capsule implosion symmetry'," and areal density 9 -2 .
Here we identify a solution to these particular issues based on detection of teritary protons that have birth energies between -27 and 30. 8 MeV. We concentrate on these high-energy tertiaries both because of their ability to escape the capsules envisioned for all phases of the NIF and because they convey pivotal information.
Diagnosis of tertiary protons will be useful during three phases of the approach to ignition. In the first phase, conditions for symmetric drive will be established using nonigniting DT gas-filled capsules, with small fusion yields (0.7 kJ). In the second phase, the drive pulse-shape for igniting cryogenic (solid fuel) capsules will be determined, as well as further fine-tuning of drive symmetry. Ignition itself will not yet be achieved, but the yields will typically be much larger (15 kJ) than for gas capsules. In the final stage, fully ignited cryogenic capsules with large yields (13,000 kJ) will be diagnosed. Below we analyze the tertiary production and spectra from each of these cases. In addition to these considerations of the NIF implosions, we briefly examine the potential utility of tertiary protons for current laser experiments such as the recently-completed OMEGA.
High-energy tertiary protons are generated in a 3-step process starting with the primary fusion between deuterium (D) and tritium (T) ions
where the short range of the a particles propagates the fusion burn from the igniting core outwards into the dense fuel region". The second step involves the 14.1-MeV neutron elastically scattering off a plasma deuteron:
(2) n(14.1MeV) + D ------------> n' + D( 11 ----12.5 MeV).
(12.5)
MeV corresponds to a collision in which the deuteron scatters at 20 (0) degrees with respect to the incident neutron direction. The total cross-section for this reaction is GD= 6 2 0 mb. Because the differential cross section is strongly peaked in the forward direction 5 , about 13% of the reactions result in deuteron energies at or above 11 MeV.
(This corresponds to the factor Fe in Table 1 To determine the energy loss of the tertiary protons on the NIF we construct, through the use of hydrodynamic-radiative codes such as HYADES'", representative profiles of temperature and density near peak burn for a gas-capsule implosion (0.7 kJ, Fig. 1) ; for a cryogenic capsule that fails to ignite (15 U , Fig.2 ); and for a fully ignited cryogenic capsule (13,000 U, Fig. 3) ". For the non-igniting cryogenic capsule (Fig. 2) , it fails because it is over-driven. A typical starting capsule for these indirect-drive implosions' is shown in Figure 2 (inset), with details of the laser irradiance parameters given in Ref. MeV is lost during capsule transit for tertiaries with birth energies of 30.8 MeV and 27
MeV, respectively. Most of this loss results from electron stopping in the CH pusher/ablator plasma that encloses the fuel ( Fig. 1 ).
For igniting cryogenic capsules (Case C, Table 1 To estimate the magnitude of the tertiary yields, we utilize the cross sections associated with Eqs. 2 and 3 as well as the characteristic temperature/density profiles ( Fig.   1-3 ). The yield is
where For the NIF gas-capsule implosion (Case A, Tab. 1), the tertiary yield is approximately 1.5xlO and, for a detector with fractional solid angle of -10, the signal would be of order 1500 counts. Since this signal is connected with the entire fuel p R (Fig. 1) , this diagnostic is similar in spirit to proposed tertiary neutron measurements' 2 (in Eq. 3, the 3 He is replaced with T, resulting in tertiary neutrons with maximum energy of
MeV).
At the other extreme, the ignited cryogenic implosion results in approximately 2.0x 1011 tertiaries and, in contrast to the gas capsule, they would be largely slowed in the main fuel p R (Fig.3) . For a detector with fractional solid angle of -10, the resulting signal would be of order 2x10 5 counts. Another important feature is the substantial energy of the escaping tertiaries, well in excess of the 14.1-MeV neutrons. In such instances, tertiary diagnostics might expeditiously be based on time-of-flight separation from the 14.1-MeV neutrons2.
For more complicated implosion scenarios, the situation should be even more interesting than these illustrative cases. For example, 2-dimensional hydrodynamic calculations for ignited capsules indicate that pole-to-waist' angular variations in the cryogenic fuel p R can vary by as much 40% from the 1-dimensional density profiles depicted above. Such asymmetries might be discernible from measurements of the escaping proton spectrum 2 2 . With several multiple proton spectrometers simultaneously viewing the implosion from various angles, differences in their spectra should be directly related to variations in fuel p R and electron temperature along the different lines-ofsight 27 .
The previous calculations concerned implosions on the NIF. Here we show that tertiaries might also be useful for present facilities. Utilizing LILAC hydrodynamic calculations" and Eq.4, we list in Column D ( In summary, penetrating tertiary protons with birth energies from -27 to 30.8 MeV are shown to be sensitive to central fuel conditions and implosion symmetry on the National Ignition Facility, including those implosions with peak density of -10 3 g/cm 3 and areal density of -I g/cm 2 . Because the sequence of experiments on the NIF will proceed from gas to cryogenic capsules, we treated three cases that were representative of this anticipated sequence: First, a gas capsule implosion; second, a cryogenic implosion that fails to ignite; and third, a cryogenic implosion that fully ignites. In each case, energetic tertiaries will convey useful information about fuel and core areal density and implosion symmetry. Furthermore, even for present facilities such as the newly operational OMEGA, it is possible that tertiary protons can effectively diagnose important aspects of the implosion dynamics.
18. Only for fully ignited cryogenic implosions (Case C) will an important fraction of tertiary protons originate from 3 He generated from D-D fusion. Specifically, for the conditions of Table 1 and Fig. 3 22. There is a trade-off between the signal size and the degree to which asymmetries can be determined. Specifically the larger Fe and FO (of Eq. 4 and Table 1 ), the larger the signal, but the smaller the information content that can be obtained about the implosion asymmetry. In a similar vein, if the tertiary source is too extended, it can wash out short spatial scale pR variations, of which P 2 , P 4 and P 6 are of particular interest. Such issues will have to be treated in the actual NIF experiments and through further detailed simulations.
23.
Additionally, for all tertiaries it is desirable that their escape energy exceed 14 MeV in order to avoid potential confusion with 14-MeV (and lower energy) protons that might originate from neutron knockons with the (CH) ablator hydrogen. 27. The important issue of detector noise -from neutrons, gammas, etc. -will be carefully assessed when the spectrometer is actually interfaced to OMEGA. This will ultimately determine whether the tertiaries will be observable. Similar considerations will also need to be addressed for the NIF. Table 1 ). In this instance, they lose between 10 and 12 MeV. The dashed/dot line indicates the cross-over from DT to CH-ablator plasma. For the first few years, gas-capsule implosions will be the focus of the NIF. Fig. 3 . Calculated density and temperature profiles, at peak burn, for a NIF cryogeniccapsule implosion (13,000 kJ) that ignites (Case C, Tab. 1). In this instance, the fusion energy is about 10 times greater than the laser energy used to drive the implosion. The dashed/dot line indicates the cross-over from DT to CH-ablator plasma. Te (keV) Fig. 4 . Range calculations for 30.8-MeV tertiary protons in DT plasmas relevant to simulated implosions on the NIF and OMEGA. In contrast to 3.5-MeV a's, the high energy of tertiary protons results in negligible slowing with plasma ions, even for the ignited cryogenic capsule (Fig. 3) that has an ion temperature of -40 KeV. Scattering effects are also inconsequential". It is for closely related reasons that, by simply multiplying each pR curve by 0.74, this same family of curves also applies to 30.8-MeV tertiaries in the CH-ablator plasma. Fig. 5 . Calculated density and temperature profiles, at peak burn, for a directly-driven OMEGA implosion (0.028 kJ) 2 ". For this particular simulation, tertiary protons may be the only charged particle species that can unambiguously convey information about the fuel pR"'". For example, knockon deuterons and tritons are ranged out, while knockon protons from (H)fuel seeding could be overwhelmed by proton knockons from the CH ablator. For this reason tertiaries could prove useful even for present-day, non-ignited experiments. The dashed/dot line indicates the cross-over from DT to CH-ablator plasma. 
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